Background: Given the liver's pivotal role in hemostasis and fibrinolysis, the coagulopathy accompanying hepatic disease is complex.
T he liver plays a central role in hemostasis as the site of synthesis, clearance or both of most procoagulants, anticoagulants, and regulators of fibrinolysis. Classically, dogs with ALD, many of which have prolongations in PT and aPTT on conventional plasmabased coagulation testing, were thought to be at risk of bleeding from invasive procedures, such as hepatic biopsy. [1] [2] [3] [4] In humans with ALD however prolongations in PT and aPTT, unless marked, are not considered accurate predictors of bleeding tendencies. [5] [6] [7] [8] Instead, patients with ALD are thought to have a rebalanced coagulation axis with decreased synthesis of procoagulant factors being balanced by loss of anticoagulants. This new balance however is precarious, and coagulation can be shifted toward bleeding or thrombosis by comorbidities such as infection, systemic inflammatory response syndrome (SIRS), or neoplasia. [5] [6] [7] It is crucial to accurately identify the state of coagulation in dogs with ALD. Often, an invasive procedure such as a liver aspirate or biopsy is necessary for definitive diagnosis so that appropriate treatment can be initiated. Using conventional coagulation tests to guide decisions may overestimate bleeding risk in early ALD precluding acquisition of an aspirate or biopsy. More importantly, relying on PT and aPTT can lead to the administration of costly and potentially harmful transfusion products, such as fresh frozen plasma, when these products are not indicated. 8 Thromboelastography is a whole blood assay that provides information about the speed of clot formation, clot strength, and clot lysis, and might more accurately predict the hemostatic state in ALD compared to conventional plasma-based coagulation tests. Clinically, TEG has been used to guide transfusion requirements during liver transplantation in people in whom its use decreases blood product requirement and increases patient survival. 6 In humans with cirrhosis, TEG analysis is more reliable than PT in predicting gastrointesti- nal rebleeding and sepsis-induced hypocoagulability. 9, 10 Initial studies in humans with ALD or chronic cholestasis found that TEG tracings were more compatible with normal coagulation or hypercoagulability than hypocoagulability. 7, 11 Previous studies in dogs with ALD have documented changes in primary and secondary hemostasis. Alterations in primary hemostasis include both thrombocytopenia and thrombocytopathia, whereas changes in secondary hemostasis include decreased activity of procoagulant factors (factors I, II, V, VII-XIII), anticoagulants, AT, and PC. [1] [2] [3] [4] 12 In veterinary medicine, TEG has been evaluated in a limited number of dogs with liver disease. Similar to humans with cholestasis, dogs with extrahepatic bile duct obstruction most often are hypercoagulable. 13 In addition, dogs with portosystemic shunts appear to be mildly hypercoagulable.
14 No studies to date have reported TEG findings in dogs with ALD.
The objectives of this study were to describe TEG findings in dogs with ALD and to compare their coagulation status as determined by TEG to clinical presentation, serum biochemistry, and conventional coagulation tests.
Materials and Methods

Study Population
Twenty-one dogs with ALD were prospectively enrolled. Inclusion criteria included an acute onset of clinical signs (<1 month) associated with increased serum bilirubin concentration and increased serum alanine aminotransferase activity (>3 times the upper limit of normal). Dogs on medications known to affect coagulation (eg, corticosteroids, nonsteroidal anti-inflammatory drugs, fish oil supplements, vitamin K, antiplatelet drugs, anticoagulants) or with comorbidities associated with coagulation derangements (eg, hyperadrenocorticism, 15 protein-losing enteropathies, 16 protein-losing nephropathy, 17 immune-mediated hemolytic anemia, 18 immune-mediated thrombocytopenia, 19 infectious enteritis, 20 or extrahepatic neoplasia 21 ) were excluded. Additionally, purebred Greyhounds were excluded because of known alterations in clotting kinetics and clot formation. Dogs were stratified by severity of hepatic impairment and labeled as having acute liver failure (ALF) when the PT was >1.5 times the upper limit of normal. Because there currently is no standard for defining ALF in dogs, we used criteria developed in humans in whom the most widely accepted definition of ALF includes evidence of a coagulation abnormality, usually an international normalized ratio >1.5 times the upper limit of normal in a patient without preexisting liver disease and a short duration of illness. 8, 23 In adults, any degree of alteration in mental status (encephalopathy) also is used to define ALF, although in children encephalopathy is variably present. Because dogs present some of the same challenges in defining encephalopathy as in children, we chose not to include this criterion to define ALF.
Hemostatic Analysis
At the time of admission, blood was collected for CBC, biochemistry profile, TEG, platelet count, and hemostatic testing (PT, aPTT, quantitative fibrinogen, AT activity, PC activity, d-dimers, and vWF activity). Whole blood for TEG analysis was drawn by peripheral venipuncture with a vacutainer blood collection needle into tubes containing 3.2% sodium citrate to obtain a dilution of blood-to-sodium citrate of 9 : 1. Additional blood was drawn into an EDTA tube for a CBC. After a 30- The following TEG variables were recorded: R (a measure of initial fibrin formation), K (indicative of clot formation time), angle (indicative of the rapidity of fibrin cross-linking), MA (indicative of overall clot firmness), and LY30 (expressing % clot lysis during 30 minute after MA was reached). The G value, a mathematical manipulation of MA, was calculated. 24 Depending on TEG analysis, dogs were labeled as hypercoagulable (G value > 8446 d/s, MA > 64.1 mm, R < 1.81 minute or some combination of these), normocoagulable, or hypocoagulable (G value < 3867 d/s, MA < 45.4 mm, R > 6.85 minute or some combination of these).
Statistical Analysis
Box and whisker plots, and tests for skewness and kurtosis were used to evaluate data distribution. Parametric and nonparametric data were expressed as mean and standard deviation or median and range, respectively. Platelet count, hematocrit, WBC count, biochemical data, coagulation parameters, and TEG variables in dogs with liver disease were compared with reference ranges using parametric (Student's t-test) or nonparametric (Mann-Whitney) tests. Correlations between conventional plasma tests or serum biochemical variables and TEG variables were done with Pearson's correlation coefficient. In some cases, nonparametric data were log transformed. Statistical significance was set at P < .05 (2-tailed) and adjusted for multiple comparisons by Bonferroni correction.
Results
The 21 dogs enrolled in the study consisted of 3 mixed breed dogs and 18 pure bred dogs including Bernese mountain dog (n = 2), pug (n = 2), dachshund (n = 2), standard poodle (n = 2), German shepherd dog (n = 2), and 1 each of golden retriever, Australian shepherd, border collie, Newfoundland, Belgium shepherd, dalmatian, bearded collie, and soft-coated wheaten terrier. There were 11 spayed females, 3 intact males, and 7 castrated males. The median age and weight were 5 years (range, 0.7-11 years) and 19 kg (range, 5.4-66.8 kg), respectively. Clinical signs included lethargy (14/21), inappetence (14/21), vomiting (11/22) , diarrhea (6/21), and 1 each with hematochezia, polydipsia and polyuria, ptyalism, ataxia, and ascites. The cause of ALD in the 21 dogs was determined by review of the medical record (CRLW, CL) and included idiopathic (11/21), neoplasia (4/21), drug toxicity (2/21), immune-mediated (2/21), and infectious (2/21). Of the 21 dogs, 6 dogs did not survive to discharge; 2/6 had neoplasia and 4/6 were considered idiopathic. All dogs had abdominal ultrasound examination performed with no signs of biliary disease or bile duct obstruction.
None had focal hepatic lesions. Seven of 21 dogs had detectable abdominal effusion on ultrasound examination.
All 21 dogs had TEG analysis performed. Overall, dogs with ALD had significant mean decreases in angle, MA, and G, and significant increases in R and LY30 compared to reference ranges ( Table 1 The PT, aPTT, and platelet count were performed in all dogs, AT activity, PC activity, and d-dimers in 11 dogs, fibrinogen in 10 dogs, and vWF activity in 8 dogs. Dogs with ALD had significant decreases in platelet count and AT activity, and significant increases in PT, aPTT, and vWF activity compared to reference ranges (Table 2) . Median platelet count (automated with manual smear evaluation) was lower than the reference value in dogs with ALD, but still within the reference range. Eight of 21 dogs had thrombocytopenia ranging from 13,000/lL to 174,000/lL (median, 87,000/lL). There was no difference for d-dimers, PC activity, and fibrinogen results between dogs with ALD and reference ranges.
A CBC and serum biochemistry panel were performed in all dogs. The median hematocrit was within the reference range (median, 44%; range, 20-63%), but 8/21 dogs were anemic (median, 32.5%; range, 20-34%). Six of 21 dogs with ALD had increases in the WBC count (median, 24.2 9 10 3 /lL; range, 17.4-34.2 9 10 3 /lL). All dogs had increased serum bilirubin concentration (median, 4.5 mg/dL; range, 0.6-49 mg/dL), alanine aminotransferase activity (median, 810 U/L; range, 102-26,670 U/L), and aspartate aminotransferase activity (median, 279 U/L; range, 64-12,306 U/L). Eight of 21 dogs were hypoalbuminemic, 4/21 were hypoglycemic, and 3/17 were hypercholesterolemic.
Coagulation status as determined by TEG analysis was compared to conventional coagulation tests. In the 8 dogs classified as normocoagulable, 4/8 had increases in PT (up to 12 times the upper limit of normal), aPTT (up to 1.78 times the upper limit of normal), or both. Normocoagulable dogs had normal median platelet counts, fibrinogen, d-dimers, PC activity, and vWF activity with a decrease in AT activity (median, 42%; range, 34-86%). In the hypocoagulable group, 9/10 and 7/8 had prolongations of PT and aPTT, respectively, that were on average 4-5 times the upper limit of normal and significantly longer than the prolongations in normocoagulable dogs. One hypocoagulable dog had a normal PT and aPTT. Hypocoagulable dogs had lower PC activity (median, 32%; range, 15-47%) and were more likely to have a fibrinogen concentration <150 ng/dL than normo-or hypercoagulable dogs. All of the ancillary coagulation testing in the 2 hypercoagulable dogs was normal, but the small number (n = 2) precluded statistical comparison. The PCVs of the 2 hypercoagulable dogs were 49 and 33%. In the latter dog, the mild anemia may have contributed to the increase in G. 25 When dogs were stratified by severity of disease using PT prolongation >1.5 times the upper limit of normal to define ALF, 10 dogs had ALF. These dogs had significantly longer K times, LY30, PT, and aPTT, and significant decreases in angle, MA, G, fibrinogen, and PC activity compared to dogs with less severe ALD or reference values (Figs 1, 2 ). These dogs also had higher WBC counts and lower serum cholesterol concentration compared to dogs with ALD (14. Eight dogs were hyperfibrinolytic with LY30 values greater than the upper limit of the reference range. Hyperfibrinolytic dogs were more likely to be hypocoagulable (7/8) and have ALF (6/8) than nonhyperfibrinolytic dogs (P = .024 and P = .028, respectively). Hyperfibrinolytic dogs had significant decreases in angle, MA, and G on TEG, a greater decrease in fibrinogen and PC activity (Figs 3, 4 /lL). Four of 8 of the hyperfibrinolytic dogs had systemic inflammatory response syndrome (SIRS), but this percentage was not different than the number of dogs with a SIRS diagnosis (4/13) in the nonhyperfibrinolytic group. 26 Three dogs had bacterial cultures submitted and none were positive. One hyperfibrinolytic dog with a normal platelet count had evidence of gastrointestinal bleeding that resolved with aminocaproic acid treatment. One other dog had spontaneous bleeding from a catheter site and this dog was hypocoagulable on TEG, but not hyperfibrinolytic.
Serum laboratory test results indicative of ALD were compared with TEG parameters. The degree of hyperfibrinolysis (high LY30) positively correlated with PT (r = 0.830, P < .0001), aPTT (r = 0.7631, P < .0001), bilirubin (r = 0.764, P = .0003) and WBC count (r = 0.684, P = .0008) and negatively with cholesterol (r = À0.782, P = .0009) and PC activity (r = À0.588, P = .009). Elevation in serum bilirubin, but not alanine aminotransferase, was negatively correlated with MA, G, and angle (r = À0.598, P = .008; r = À0.532, P = .019; r = À0.637, P = .002, respectively). There was no correlation between MA and PCV or platelet count (r = 0.287, P = .221; r = 0.178, P = .262, respectively), but MA correlated with fibrinogen (0.644, P = .044) and PC activity (0.752, 0.012).
Discussion
Our analysis showed that dogs with ALD have derangements in TEG variables as well as pro-and anticoagulants. Our data suggest that early in disease when hepatic synthetic capacity is not severely compromised (minimal prolongations in PT and aPTT), dogs with ALD are normocoagulable on TEG. As synthetic capacity decreases (moderate to severe PT and aPTT prolongations, decreases in PC activity and fibrinogen), dogs develop ALF and become hypocoagulable on TEG with increases in K and decreases in MA, angle, and G. In addition, some dogs with ALF become hyperfibrinolytic.
We found that most dogs with ALD were classified as either hypocoagulable (11/21) or normocoagulable (8/21) on TEG analysis. When comparing TEG coagulation status with conventional coagulation testing (PT, aPTT, and platelet count) typically used to assess bleeding risk, we discovered some important inconsistencies. Four dogs with prolongation in PT, aPTT, or both (2/4 had platelet counts below 50,000/lL) that would have been interpreted as having bleeding tendencies, actually were normocoagulable on TEG analysis. These dogs had normal PCVs and thus decreases in blood viscosity likely did not contribute to higher than normal MA values. 25 Conversely, 1 dog with normal PT and platelet count that would have been interpreted as not having a bleeding tendency, was hypocoagulable on TEG. None of the dogs with low AT or PC activity were hypercoagulable as might be predicted from loss of these anticoagulants. In fact, 4/9 and 4/6 dogs with low AT and PC activity, respectively, were labeled as hypocoagulable by TEG. Overall, we found that TEG evaluation was discordant with conventional coagulation testing 25% of the time. It remains to be determined if TEG might be a more accurate way to assess the complex balance of hemostasis that occurs in dogs with ALD and thus be useful to predict bleeding or thrombotic tendencies.
Thromboelastography has long been used in human hepatology as a bedside test to evaluate coagulation status in liver transplant patients and guide therapeutic intervention. [5] [6] [7] A recent study indicated that TEG accurately predicted bleeding tendencies in cirrhotic patients. 9 Although no studies have been done in dogs with liver disease, TEG has predicted bleeding tendencies in dogs with nonhepatic disorders. In 1 study, the G value calculated from tissue factor-activated TEG had a positive predictive value of 89% and a negative predictive value of 98% in identifying bleeding tendencies. 27 In a separate study limited to greyhounds, MA, angle, and G predicted postoperative bleeding tendencies. 28 Lastly, in a recent study, TEG was reliable in identifying thrombocytopenic dogs to be at a low risk of bleeding. 29 Prospective studies that evaluate TEG in a large number of dogs and carefully document bleeding and thrombotic tendencies are needed before the value of TEG in accessing coagulation status in dogs with ALD is affirmed. Although TEG analysis has been used to demonstrate hyperfibrinolysis in dogs with SIRS and disseminated intravascular coagulation (DIC), 26, 30 ours is the first report of an association of hyperfibrinolysis with ALD in dogs. Hyperfibrinolysis can be primary or secondary. 31 Primary hyperfibrinolysis occurs independently of the action of coagulation and is associated with conditions that cause tissue plasminogen activator (tPA) to be released from the endothelium (eg, trauma, neoplasia, treatment with thrombolytic drugs and secondary to the presence of ascites). Secondary hyperfibrinolysis is associated with activation of the coagulation system as seen in SIRS, sepsis, and DIC. 26, 30 Because of the liver's essential role in the production of both pro-and anticoagulants and regulators of fibrinolysis, it can be challenging to determine if primary or secondary fibrinolysis is occurring in patients with ALD. 31 Several factors suggest that the dogs in this study did not have secondary hyperfibrinolysis. None of the hyperfibrinolytic dogs had increased d-dimers, most were not thrombocytopenic and none had changes in RBC morphology (eg, schistocytes) or evidence of end-organ Comparison of conventional plasma-based coagulation testing in normal dogs (reference) and in dogs with acute liver disease (ALD) or acute liver failure (ALF). * means significantly different than reference value; # indicates significantly different from value in dogs with ALD damage (eg, thrombi), changes that typically are used to diagnose DIC. Although 4/8 (50%) of the hyperfibrinolytic dogs had evidence of SIRS, 4/13 (30%) of the dogs without hyperfibrinolysis also had criteria consistent with SIRS. 30 Active infection was not documented in any of the dogs in the study, although only a few bacterial cultures were done (3/21) and most dogs were treated empirically with broad-spectrum antibiotics. Therefore, the role of sepsis in the coagulation changes remains unclear. White blood cell count positively correlated with LY30 in dogs with ALD, suggesting that inflammation played a role in the hyperfibrinolytic state.
Several factors could have contributed to what is likely a primary hyperfibrinolytic state in dogs with ALD. One contributing factor could have been the absorption of fibrinolytic factors from ascitic fluid. 31, 32 Two of 8 (25%) of the hyperfibrinolytic dogs had ascites, but 5 additional dogs with ascites were not hyperfibrinolytic so this is unlikely to be the sole cause. Excesses of tPA or urokinase-like plasminogen activator (uPA), which are cleared by the liver, or decreases in plasminogen activator inhibitor-1, thrombin activatable fibrinolysis inhibitor, or antiplasmin, which are produced by the liver, also could cause a primary hyperfibrinolytic state. Dogs are known to have increased fibrinolytic capacity related to higher uPA activity, 33 which could be a contributory factor predisposing dogs with ALD to hyperfibrinolysis. Endothelial-or leukocyte-derived microparticles released during ALD may generate a range of plasmin activity and contribute to excess fibrinolysis in humans.
34, 35 The observation that 1 bleeding hyperfibrinolytic dog in this study responded to infusion of protease inhibitor (aminocaproic acid) suggests that a primary state of hyperfibrinolysis characterized by excess plasmin activity was occurring. The ability of TEG analysis to detect hyperfibrinolysis is clinically relevant because excessive activation of the fibrinolytic pathway could result in delayed bleeding from mucosal surfaces. In human trauma patients, primary hyperfibrinolysis as determined by a LY30 value >3% predicts the need for blood transfusion.
36
In our population of dogs, hyperfibrinolysis and hypocoagulability were more common in dogs with ALF. This was reflected in the observation that LY30 was positively correlated with prolongations in PT and aPTT, increases in serum bilirubin concentration, and decreases in cholesterol concentration, all of which serve as biomarkers of disease severity in ALD. [1] [2] [3] [4] 12 One unique finding in the dogs with hyperfibrinolysis was low PC activity which was not seen in nonhyperfibrinolytic dogs. Serum bilirubin concentration, but not serum transaminase activity, was significantly negatively correlated with MA, G, and angle. This negative correlation fits with the observation that TEG parameters associated with hypocoagulability occur as hepatic synthetic failure ensues. In humans, changes in MA also have been correlated with serum bilirubin concentration and the severity of hepatic injury on biopsy. 6 Two dogs with ALD had TEG parameters suggestive of a hypercoagulable state, which is common in people with ALD. 6 Dogs with ALD had several biochemical alterations that could predispose them to hypercoagulability, such as decreases in AT and PC activity and increases in vWF activity. Unfortunately, a full coagulation panel was not done in these 2 hypercoagulable dogs. Hypercoagulability in humans with ALD is associated with increases in fibrinogen concentration and evidence of endothelial dysfunction (ie, increases in Factor VIII and vWF activity) as well as decreases in ADAMTS 13 (zinc-containing metalloprotease enzyme that cleaves vWF). 6 Some dogs in this study and in a previous study of acute hepatitis 37 had increases in Factor VIII or vWF activity that could contribute to a hypercoagulable state.
Our study had several limitations. Our population of dogs was not homogenous with respect to underlying cause. Because of fear of bleeding tendencies, only a few of the dogs had liver biopsies performed to determine etiology. Additionally, we used a kaolin-activated TEG assay, and results of a tissue factor-activated TEG assay may differ. As such, future studies should be designed to compare the results of these 2 assays. This study was a pilot study with a small sample size of 21 dogs with incomplete datasets; thus, future studies should include a larger population with complete datasets to determine if our results are repeatable. Future prospective studies should include a more comprehensive panel of coagulation and fibrinolytic factors (eg, Factor VIII, tPA, uPA, plasminogen activator inhibitor-1, thrombin activatable fibrinolysis inhibitor, alphaplasmin, thrombin generation tests, thrombin-antithrombin complexes) as well as characterization of microparticle biology to determine the pathophysiology of an ALD-induced hyperfibrinolytic state in dogs. In humans, endogenous heparinoids are generated in ALF as a consequence of endothelial damage and can contribute to bleeding tendencies, and TEG analysis is capable of evaluating this situation. 38 Future studies with TEG analysis should be designed to include the addition of heparinase I, which cleaves heparin-like compounds, to reveal the presence of a heparin-like effect. Although the majority of our patients with hyperfibrinolysis had significant prolongations of LY30 (median, 29.3%; range, 7.9-69%), one of the limitations of TEG analysis is its inability to differentiate, at low levels of LY30, between genuine fibrinolysis and platelet-mediated effects.
In conclusion, TEG analysis in this study suggested that conventional plasma-based coagulation testing may overestimate decreased functionality of the coagulation system in dogs with early ALD, but as severe functional hepatic impairment ensues, both conventional coagulation testing and TEG indicate the onset of a hypocoagulable state. TEG analysis identified the presence of a hyperfibrinolytic state that cannot be detected by conventional plasma-based testing. This observation is clinically relevant because hyperfibrinolysis can be associated with bleeding tendencies and can be readily corrected with antiprotease treatment and repletion of fibrinogen. Future studies should be aimed at delineating the role of TEG analysis in the identification and management of the hemostatic abnormalities accompanying ALD in dogs. 
